When Chiamydia trachomatis elementary bodies enter epithelial cells, they occupy membrane-bound vesicles that aggregate with each other in a calcium-dependent manner but that do not fuse with lysosomes. As members of the annexin family of calcium-and membrane-binding proteins have been implicated in mediating calcium-regulated membrane traffic during endo-and exocytosis, we examined the intracellular localization of certain annexins following invasion of HeLa and McCoy cells by C. trachomatis serovar L2. Immunofluorescence staining with a panel of polyclonal antibodies against five human annexins revealed that annexins III, IV, and V translocate within the cytoplasm to the proximity of intracellular chlamydiae whereas the distribution of annexins I and VI was unaffected. The distinct distribution of annexins I and III was further analyzed by confocal microscopy, which revealed an intimate association between chlamydial aggregates or inclusions and annexin III. Confocal microscopy also confirmed the nonassociation of annexin I with chlamydial aggregates.
body-containing endosomes but did prevent formation of chlamydial aggregates and translocation of annexin III. Furthermore, chloramphenicol-treated cells also showed association between chlamydial aggregates and annexin III, indicating that the annexins are of host cell origin. These data suggest that certain cytosolic annexins may be involved in the Ca2+-dependent aggregation and fusion of chlamydia-containing vesicles. The fact that these Ca2+-binding proteins differ in their ability to associate with chlamydia-containing vesicles and inclusions implies that the factors that regulate the interaction of annexin I and annexin III with membrane are different and suggests a selective regulatory mechanism for endosome aggregation and avoiding lysosome fusion during chlamydia infection.
Members of the genus Chlamydia are obligate intracellular gram-negative bacteria. This genus comprises four species: C. trachomatis, a common human pathogen infecting primarily oculogenital epithelial cells; C. psittaci, primarily an animal pathogen; C. pneumoniae, causing acute respiratory diseases worldwide (20, 32) ; and C. pecorum, a recently proposed species which infects animals (17) .
Chlamydiae have a unique biphasic life cycle that alternates between an infectious, rigid, metabolically inactive form, the elementary body (EB), and a noninfectious, fragile, metabolically active form, the reticulate body. The role of the EB is to survive transit in the inimical extracellular environment until it attaches to a susceptible host cell. Once internalized, EBs reorganize to reticulate bodies, which divide by binary fission within a membrane-bound cytoplasmic vacuole (29, 30, 35) . Chlamydiae depend absolutely on the host cell, which provides a wide variety of nutritional intermediates of metabolism (15) . After multiple divisions, the reticulate bodies differentiate back to new EBs, which are subsequently released from the host cell to start a new infectious cycle.
In contrast to C. psittaci, C. trachomatis forms only one characteristic chlamydial inclusion in each infected cell (2) .
Several investigators have shown that chlamydia-containing vesicles fuse with each other (22, 31, 37) . However, for an unclear reason(s), these vesicles avoid fusion with host cell lysosomes (16) . Viable EBs are not required for inhibition of phagolysosome formation, since EB envelopes can elicit such event (11) .
We have recently shown that C. trachomatis infecting eucaryotic cells redistributes intracellularly to a local aggregate and that clathrin and F-actin are mobilized during this active process (28) . Furthermore, we have demonstrated that the aggregation of EBs in infected cells requires a normal homeostasis of intracellular Ca2+ (27) .
The intracellular free calcium concentration ([Ca2]i) plays a crucial role in several membrane and organelle fusion processes, such as exocytosis (25, 26) and phagolysosome fusion (23) . The [Ca2+]j may elicit its functions alone or in conjunction with different Ca2+-binding and Ca2+-activated proteins.
In recent years a new family of Ca2+-binding proteins, annexins, has been identified (18) . All annexins are structurally related and bind to membrane phospholipids in the presence of Ca 2 (1) . In several systems it has been shown that annexins have the ability to promote vesicle aggregation and membrane fusion (6, 9, 18, 19) . Moreover, annexins III and I translocate to the region surrounding the phagosome when polymorphonuclear leukocytes ingest opsonized yeast (12, 34a (27) Table 1 ).
McCoy cell preparations were handled as above, except that the cells were incubated with 25 ,uM MAPT/AM for 1 h at 37°C. As indicated, some infected cells were washed twice in Ca2+-free MEM and further incubated in either Ca2+-containing MEM or Ca2+-free MEM containing 25 ,uM MAPT/AM for 1 to 2 h at 37°C (see Fig. 3 ).
Immunofluorescence SDS-PAGE and Western blotting. Those antiannexin antibodies that showed reactions in the slot blot were subjected to sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE) under reducing conditions essentially as described by Laemmli (24) . Proteins on SDSpolyacrylamide were electrophoretically transferred to nitrocellulose (Millipore) by using a Tris-glycine buffer system for 3 h in a transfer apparatus (Pharmacia, LKB, Bromma, Sweden) at a constant current of 200 mA. The blots were developed as described above.
Polyclonal antiannexin antibodies. Preparation and characterization of monospecific antiserum to annexin III have been described elsewhere (12, 14) . Rabbit antiannexin I serum was prepared with recombinant human annexin I (expressed in Eschenichia coli) and purified by Ca2'-dependent phospholipid affinity chromatography (13 4°C plus 3 h at 37°C. Similar results were seen in infected McCoy cells (data not shown). Furthermore, translocation of annexin III was observed also when the infected cells were incubated for 24 h at 37°C. At this time some cells contained more than one inclusion, some of which seemed to fuse with each other (Fig. 2) . In contrast to the localization of annexins III, IV, and V to the region of the chlamydial aggregates, annexins I and VI remained diffusely distributed (Fig. 4) . Moreover, similar results were seen when chloramphenicol was added earlier than 12 h at 37°C. When emetine was present throughout the infection, no inhibition of annexin translocation was observed. Furthermore, antibody to annexin III did not recognize isolated EBs. Thus, this translocation is obviously attributed to already existing annexin of host cell origin.
Confocal microscopy. The distributions of annexins I and III were analyzed in more detail by confocal laser scanning microscopy. This technique allows sequential visualization of series of focal planes along the vertical axis of the HeLa cells, with each plane containing mainly the fluorescence in focus. Figure 5 shows the distribution of annexins I (left) and III (right) 48 h after infection. The images demonstrate that the fluorescence of annexin III but not of annexin I overlaps that of chlamydiae. Moreover, the intensity profiles substantiate the colocalization of annexin III but not of annexin I with chlamydiae (Fig. 6) .
In MAPT/AM-treated cells, four horizontal sections were taken about 1 ,um apart on the vertical axis. The images show that annexin III associates with individual randomly distributed EBs (Fig. 7) .
The results obtained with this method support those obtained with conventional fluorescence microscopy and suggest selective translocation of annexin III but not annexin I in cells infected with chlamydiae.
Slot and Western blot analyses. By the slot blot technique, HeLa and McCoy cells showed a positive reaction with all the antiannexin antibodies. Thus, the reaction which we observe microscopically is indeed reflecting a specific reaction. Furthermore, to determine the molecular weights of these proteins, SDS-PAGE and Western blot analyses were Aggregations of chlamydiae and annexin III are indicated by arrowheads. Bar, 15 ,um. applied. The results showed that annexins I and III were recognized by their respective antibodies (Fig. 8) .
DISCUSSION
Chlamydiae are obligate intracellular parasites of eucaryotic cells. Thus, they attach to and enter their target cells, and once inside, they resist cellular defense mechanisms. By inhibiting phagolysosome fusion, they can multiply intracellularly and consequently develop the characteristic chlamydial inclusion. Viable chlamydiae are not required to prevent this fusion; indeed, EB envelopes can avoid phagolysosome formation (11) . In contrast, heat-treated or antibody-coated chlamydiae fuse with lysosomes in macrophages (38) . Several studies have shown, however, that chlamydia-containing endosomes fuse with each other (22, 31, 37 (27) . Intracellular Ca2+ has been implicated to play a role in several cellular functions involving exocytosis (25, 26) and phagolysosome fusion (23) . In this study we searched for a better understand- ing of the factors controlling endosome-lysosome fusion. We therefore undertook this study in an attempt to identify factors that may serve in the Ca2"-regulated chlamydiacontaining vesicle fusion.
Different studies have demonstrated that certain annexins, lipocortin I, calpactin I, lipocortin III, and synexin (annexins I, II, III, and VII, respectively), promote Ca2+-dependent contact between phospholipid vesicles and/or isolated polymorphonuclear leukocyte-specific granule membranes (1, 7, 8, 14, 19) . Consequently, to further characterize the intracellular itinerary of chlamydiae and to identify cellular factors that may determine the unique membrane trafficking of EB-containing vesicles, we localized individual annexins in chlamydia-infected cells.
Our findings show that annexins III, IV, and V are intimately associated with the formation of chlamydial aggregates and inclusions. This implies that these proteins may be involved in p.g) were loaded into each well, separated by SDS-PAGE, and then transferred to nitrocellulose membranes. After blocking, the membranes were incubated with rabbit antisera and bound antibodies were subsequently detected by the enhanced chemiluminescence detection system. this is the first evidence that the dynamic intracellular localization of individual annexins can be regulated differently and represents one way in which internalization of microbes by professional phagocytes differs from invasion of epithelial cells by unique pathogens such as chlamydiae.
Confocal laser scanning microscopy enables us to show that the apparent redistribution of annexin III reflects a true translocation to the chlamydial aggregate and inclusion. The highest intensity of fluorescence is formed in the vicinity of chlamydial EB aggregates and inclusions. By contrast, annexin I is not associated with chlamydiae. Moreover, the intensity profiles for these two proteins are distinctly different. This indicates that annexins may have different affinities for phospholipid membranes, which could elicit different functions in host cells infected with chlamydiae (1) .
Inhibition of procaryotic and eucaryotic protein synthesis strongly suggests that de novo synthesis of annexins in the host cells is not required for translocation of annexin III. Our observation that annexin III can associate with EBs at a very low (<20 nM) [Ca2+]i (27) (27) . An The present study provides evidence that annexins may play a specialized role, alone or probably in conjunction with other effectors, in the developmental events that accompany chlamydial infections of epithelial cells. In addition, these experiments provide evidence that the association of individual annexins with cellular membrane compartments can be regulated differently. This further suggests that despite the similarities in the structure and in vitro properties of annexins, individual members of this protein family are likely to serve different functions in cells.
